Drugs used in chemotherapy give undesirable side effects, e.g., cardiotoxicity, leucopenia, hair loss and others. Covalent binding of a drug with a carrier may change its biodistribution, elimination and/or rate of transformation in the organism. The aim of this work was to synthesize conjugates of anticancer drugraltitrexed (RTX) with lysozyme, bovine serum albumin (BSA), and dextran T40 and to investigate their cytotoxicity and influence on the cell cycle in comparison with the free drug. Before conjugation RTX was transformed into anhydride by treatment with dicyclohexylcarbodiimide in dimethylformamide. Activated RTX was added into aqueous solution of carriers at different pH (from 8.5 to 10.5) for 3 to 15 min. The reaction was stopped by reducing the pH to 7.0. Maximum yield of the reaction was obtained at pH 10 for BSA as well as for dextran. The highest level of substitution was obtained after 5 min of the reaction. In in vitro experiments on three cell lines: SW707, LoVo and A549, all conjugates tested had up to a few hundred times higher IC 50 than the free drug. Interestingly, it was noticed that the conjugates based on dextran and albumin were more cytotoxic than the free drug in the highest concentrations tested (1000 and 10 000 ng/ml).
INTRODUCTION
Paul Ehrlich (Silverstein, 1999) suggested as early as in 1900 that specific transport of drugs to the tumor by carriers might circumvent their limited specificity which is a major problem in cancer chemotherapy. The use of antibodies as carriers was for the first time tested experimentally on L1210 leukemia (Mathe et al., 1958) and clinically in malignant melanoma (Ghose et al., 1972) .
Drugs used in chemotherapy exhibit undesirable side effects, e.g., cardiotoxicity, leucopenia, hair loss and others. Covalent binding of a drug with a carrier may change its biodistribution, elimination and/or rate of transformation in the organism. Thus, conjugation offers the possibility of designinig preparations with increased accumulation in target tissues and decreased side effects .
One of the best charaterized anticancer drugs is methotrexate (MTX). MTX is folate antagonist used mostly in the therapy of acute lymphocytic leukemia in children. Many compounds have been used as MTX carriers: antibodies, fibrinogen (Kanska et al., 2005) , albumin (Kratz, 2008) , dextrans (Nevozhay et al., 2006a; 2006b) , mannan , dendrimers (Klajnert & Bryszewska, 2001; Myc et al., 2010) polyethylene glycol (Riebeseel et al., 2002; Yousefi et al., 2010) , and others. From among all the carriers of MTX examined, albumin turned out to be the most promising one. Both albumin and a MTX-albumin conjugate with the level of substitution (s.l.) equal 1 showed high tumor accumulation rates in rat Walker-256 carcinoma (Stehle et al., 1997) . MTX-albumin revealed a higher antitumor activity in comparison with free MTX in rats with Walker-256 carcinoma, rats with Dunning prostatic adenocarcinoma (R3327 HI), and in the case of some human xenograft tumors in nude mice models (Wunder et al., 1998; Stehle et al., 1999; Burger et al., 2001) . In 2002 phase I of clinical trials of MTX-human serum albumin (HSA) was completed and the conjugate was then qualified for phase II. According to published data, in phase I trials involving 17 cancer patients, tumor responses were seen in 3 patients . In phase II study, a combination of MTX-HSA with cisplatin turned out to be promising and showed antitumor activity against urothelial carcinomas with an acceptable toxicity profile (Bolling et al., 2006) . Also fibrinogen is a promising antitumor drug carrier. Fibrinogen is a component of stroma of many tumors. The deposits of fibrinogen result from the characteristic hyperpermeability of tumor microvasculature, which contributes to the local extravasation of plasma fibrinogen. In our experiments fibrinogen-MTX conjugates exhibited lower in vitro cytotoxicity compared to MTX alone, but a significantly higher in vivo antitumor activity in mice with P388 leukemia (Boratynski et al., 2000; Kanska et al., 2005) .
The present paper concerns conjugates of raltitrexed (RTX, Tomudex®), which also belongs to the group of antimetabolite drugs. RTX acts as a specific inhibitor of thymidylate synthase. Raltitrexed is a chemotherapy drug used as treatment for malignant neoplasm of colon, rectum and some other types of cancer (Wilson et al., 2009) To date, no data on raltitrexed-carrier conjugates have been published. The aim of this work was to synthesize conjugates of RTX with lysozyme, bovine serum albumin (BSA), and dextran T40 and to investigate their cy- e-mail: borat@iitd.pan.wroc.pl Abbreviations: BSA, bovine serum albumin; DCC, N,N'-dicyclohexylcarbodiimide; DMF, N,N-dimethylformamide; HSA, human serum albumin; IC50, inhibitory concentration 50%; MTX, methotrexate; RTX, raltitrexed; s.l., level of substitution; TCA, trichloroacetic acid. Vol. 57, No 1/2010 83-87 on-line at: www.actabp.pl totoxicity and influence on the cell cycle in comparison with the free drug.
MATERIALS AND METHODS
Conjugate synthesis and characterization. RTX was purified from Tomudex ® (Astra Zeneca UK Ltd, Macclesfield, Cheshire, Great Britain) on a CM-cellulose column. Mannitol and phosphates were eluted with MilliQ water, RTX was eluted with N,N-dimethylformamide (DMF, Sigma-Aldrich Chemie GmbH, Steinheim, Germany). The drug after removing DMF under vacuum was stored at -20 °C. RTX was activated in DMF using N,N′-dicyclohexylcarbodiimide (DCC, Sigma-Aldrich Chemie GmbH, Steinheim, Germany) before coupling with carriers. The concentration of RTX (mg/ml) was calculated by multiplying the absorbance in 0.1 M dipotassium phosphate at 350 nm by 17.3. The molar ratio of RTX to DCC was 1 : 0.9. The reaction was carried out for 48 h in the dark at 4 °C. A by-product, dicyclohexylurea, was removed by ultrafiltration. The obtained RTX anhydride in DMF was added under the surface of a stirred solution of a carrier: BSA (Sigma-Aldrich Chemie GmbH, Steinheim, Germany), lysozyme (SigmaAldrich Chemie GmbH, Steinheim, Germany ) or dextran T40 (Pharmacia, Uppsala, Sweden). The coupling reaction was carried out for 5 min in 0.02 M phosphate buffer, pH 10. Then the pH of the reaction mixture was reduced to 7 using 0.2 M monopotassium phosphate. The obtained conjugates were purified on a Sephadex G25 (Loba Chemie, Wien-Fischamend, Austria) column using 0.05 M phosphate buffer, pH 7.0, as an eluent. Pure conjugates were lyophilized and stored at -20 ºC.
Determination of substitution level of RTX conjugates. UV spectra of RTX in 0.1 M aqueous K 2 HPO 4 were collected λ max : 350 nm (17 100 M -1 cm -1 ) (in methanol λ max : 342 nm (1 100 M -1 cm -1 )). Protein concentrations (mol dm -3 ) in RTX conjugates were determined from the following equations: 1.4 (A 280 -0.24 A 350 )/ MW (BSA) (for BSA) and 1.22 (A 280 -0.24 A 350 )/MW (lysozyme) (for lysozyme). The substitution level (mol RTX /mol protein ) and RTX content (mg RTX /mg of conjugate) were calculated from the results of spectrophotometric measurements. In the case of dextran conjugates the substitution levels were assessed on the basis of determined weight content. Dextran content was determined by the phenolacetone method (Boratynski, 1984) . The stability of the conjugates was examined using gel filtration on Sephadex G25. The influence of pH and temperature of storage was studied.
Cell lines. The following lines of cancer cells were used: A549 (human non-small cell lung carcinoma), SW707 (human colon adenocarcinoma), LoVo (human colon carcinoma). All lines were obtained from the American Type Culture Collection (Rockville, Maryland, USA) and are maintained in culture or frozen at the Cell Culture Collection of the Institute of Immunology and Experimental Therapy (Wroclaw, Poland).
Antiproliferative assay in vitro. Twenty-four hours before addition of the tested agents, the cells were plated in 96-well plates at a density of 1 × 10 4 cells per well and cultured in a mixture of RPMI 1640 and Opti-MEM (1:1) medium at 37 ºC in a humid atmosphere saturated with 5 % CO 2 . The cytotoxicity assay was performed after 72-hour exposure of the cultured cells to varying concentrations of the tested agents (from 1 to 10 000 ng of RTX/ml). In the case of adherent cells (A549, SW707 and LoVo), the in vitro cytotoxic effect of the agents tested was examined using the SRB assay (Skehan et al., 1990) . Briefly, the cells were attached to the bottom of plastic wells by fixing them with cold 50 % trichloroacetic acid (TCA, Sigma-Aldrich Chemie GmbH, Steinheim, Germany). The plates were incubated at 4 °C for one hour and then washed five times with tap water. The background optical density was measured in the wells filled with culture medium, without the cells. The cellular material fixed with TCA was stained for 30 min with 0.4 % sulforhodamine B (Sigma-Aldrich Chemie Gmbh, Steinheim, Germany) dissolved in 1 % acetic acid (POCH, Gliwice, Poland). Unbound dye was removed by rinsing (4×) with 1 % acetic acid. The protein-bound dye was extracted with 10 mM unbuffered Tris base (POCH, Gliwice, Poland) for determination of optical density (at 540 nm) in a computer-interfaced, 96-well microtiter plate reader Multiskan RC photometer (Labsystems, Helsinki, Finland).
The results were calculated as an IC 50 (inhibitory concentration 50 %) --the concentration which inhibits proliferation rate of the tumor cells by 50 % compared to control solvent-treated cells. The IC 50 values were calculated separately for each experiment. Each compound in every concentration was tested in triplicates in a single experiment, and each experiment was repeated three times.
Cell cycle analysis. The SW707 cells were plated in 6-well plates at a density of 2 × 10 5 cells per well. After 24 h of incubation, the cells were exposed to varying concentrations of the agents tested. After a further 72 h, the cells were harvested, washed in PBS and suspended in 70 % ethanol for 24 h at -18 °C. Then, the cells were washed twice in PBS, incubated with RNase (8 μg/ml) (Sigma-Aldrich Chemie GmbH, Steinheim, Germany) for 1 h at 37 °C and stained with propidium iodide (0.5 mg/ ml) (Sigma Chemical Co., St. Louis, USA) for 30 min at 4 °C. The cellular DNA content was determined using a FACS Calibur flow cytometer (Becton Dickinson, San Jose, CA, USA).
Antitumor activity assay in vivo. Sixteen-week-old DBA/2 and (C57Bl/6 x DBA/2)F1mice were inoculated with 10 6 leukemia (P388) cells i.p. RTX was administered to mice 24 h after tumor inoculation at doses: 0.1; 1, 10 or 40 mg/kg. The increase in the life span of treated mice over the control (ILS %) was calculated from the following formula: (AST T /AST C ) × 100 -100 %, where AST T is the average survival time of treated animals, and AST C is the average survival time of solvent-treated control mice.
Statistical evaluation. For experiments concerning the influence of the preparations tested on the cell cycle statistical analysis was performed by Kruskal-Wallis test. P values lower than 0.05 were considered significant. Statistical analysis of results of antiproliferative assays was performed by ANOVA test. P values lower than 0.001 were considered significant.
RESULTS AND DISCUSSION
One goal of the present study was to obtain conjugates of RTX with albumin, lysozyme or dextran T40. To optimize the conditions, the reaction of the activated drug with BSA or dextran T40 was carried out at different pH (from 8.5 to 10.5) and for different times (from 3 to 15 min). The reactions of carboxylic groups with amino and hydroxyl groups run more efficiently at an alkaline pH because of deprotonation of the latter groups. The reaction was stopped by reducing the pH Raltitrexed-carrier conjugates Vol. 57 85 to 7.0. The maximum yield of the reaction was obtained at pH 10 for BSA as well as for dextran (Table 1 ). The determination of reaction duration was especially important in the case of RTX-dextran conjugates because of the instability of the forming ester bond at an alkaline pH. The highest level of substitution was obtained after 5 min of the reaction (3.51 moles of RTX/mole of dextran T40). After 15 min of the reaction the level of substitution was lower and amounted to 1.68 moles of RTX/mole of dextran T40. In the case of BSA the level of substitution obtained after 5 min at pH 10 was 0.378 moles of RTX/mol of BSA. In scaled up experiments these optimum conditions (5 min at pH 10) were followed. Various substitution levels were achieved by varying the ratios of the reagents ( Table 2 ). The conjugates were purified using gel filtration on a Sephadex G25 column.
To assess the reaction efficiency the conjugates were obtained at different molar ratios of RTX anhydride to the carriers and levels of substitution were determined. The yield of the reaction was 5-15 % and 25-35 % for dextran and albumin conjugates, respectively. In the case of lysozyme conjugates, very low levels of substitution were achieved (0.042 mole of RTX/mole of lysozyme). It could be explained by a higher protonation of the amino groups in lysozyme, which is a basic protein, in comparison with an acidic protein, albumin. Deprotonation of the amino groups is essential for efficient reaction. After separation of the conjugate from the free drug on Sephadex G25, the conjugate was subjected to ion-exchange chromatography on CM-cellulose (Fig. 1) to remove unbound lysozyme. Three fractions were observed: conjugate with the average substitution level of 1.4, conjugate with the average substitution level of 0.37 and free protein. The first fraction was used for further studies.
The stability of the conjugates was studied. The conjugates dissolved in phosphate buffer, pH 7.0, were stored at -20 °C. After 21 days, 15.7 % and 5.7 % of free drug was released from the dextran-RTX and BSA-RTX conjugates, respectively. Decomposition was higher at pH 5.0 and 9.0. The conjugates were the most stable when stored in lyophilized form at -20 °C. In the case of the RTX-dextran conjugates the release of RTX was 5 % and for the RTX-BSA conjugates we did not observe drug release.
The activities of RTX and the conjugates were tested in vitro on three cell lines: SW707, LoVo and A549. The results of in vitro experiments are summarized in Table 2. The cytotoxicity studies did not reveal any statistically significant differences between RTX, tomudex and medley of the RTX with carrier. All tested conjugates had up to a few hundred times higher IC 50 than the free drug and therefore had lower in vitro cytotoxic activity (P < 0.001 in all comparison tests). The cytotoxicity of the conjugates increased with increasing substitution level. A lower cytotoxic activity of conjugates compared to a free drug in standard cytotoxicity tests is a common result and does not implicate lower antitumor activity in vivo (Boratynski et al., 2000 , Riebeseel et al., 2002 Kanska et al., 2005) .
Interestingly, it was noticed that the conjugates based on dextran or albumin were more cytotoxic than the free drug in the highest concentrations tested (1 000 and 10 000 ng/ml). The conjugates inhibited cell proliferation by about 90 %, whereas RTX in the same concentration inhibited it by no more than 65 % (not shown). In the case of the RTX-lysozyme conjugate the cytotoxicity of RTX and the conjugate were comparable and the percentage of proliferation inhibition was 60-65 %. This could be connected with the low molecular mass of lysozyme (14.6 kDa) and its polycationic character. The lack of a total proliferation inhibition could be connected with the presence of folic acid in the culture medium. Folic acid could compete with RTX for transport through the cell membrane and for the binding site of thymidylate synthase. The influence of RTX and the conjugates on SW707 cell cycle was studied. The following conjugates were examined: RTX-dextran T40 (s.l. 1.5), RTX-BSA (s.l. 1.13) and RTX-lysozyme (s.l. 1.4). The concentrations of preparations were selected as approximate IC 20 doses to give moderate inhibition of cell proliferation and avoid a high percentage of apoptotic cells. Albumin or lysozyme alone did not influence the cell cycle. In the case of dextran T40, the percentage of cells in G 2 -M was lower compared to control cells (P < 0.05). It was observed that conjugates influenced the cell cycle in a different way than the free drug. RTX blocked the cell cycle mostly in the G 0 -G 1 and S phase and increased the percentage of apoptotic cells. Cells in the G 2 -M phase were not observed. The conjugates blocked the cell cycle in the S phase and decreased the percentage of cells in the G 0 -G 1 phase. There were no statistically significant differences between the percentages of cells in a given phase treated with different conjugates.
The in vivo activity of RTX and the RTX-BSA conjugates was examined on P338 murine leukemia model. In a preliminary experiment the drug was administered in a single dose from 0.1 to 40 mg/kg. Even the highest dose was ineffective and did not increase the life span. RTX is a targeted thymidylate synthase inhibitor. The lack of effectiveness of the RTX conjugates in the experimental antineoplastic therapy can be due to high thymidine concentration in the animal models. Thymidine levels in rats and mice are by 100-and 300-fold higher, respectively, than in humans (Li et al., 2003) . Therefore, selective inhibition of thymidine biosynthe- sis in rodents might not exert a cytostatic effect on their tumors.
